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Ti-29Nb-13Ta-4.6Zr (TNTZ) alloy has excellent mechanical properties and bone conductivity. For dental application, TNTZ
surfaces were converted to white oxidized layer by a simple heat treatment in air to achieve the formation of aesthetic surfaces.
The oxidized layer formed by the heat treatment at 1000
∘C for 0.5 or 1 hr was whiter and joined to TNTZ substrate more strongly
than that formed by the treatment at 900
∘C. The layer consisted of TiO2 (rutile), TiNb2O7,a n dT i T a 2O7 and possessed ∼30𝜇mi n
t h i c k n e s sf o rt h es a m p l eh e a t - t r e a t e da t1 0 0 0
∘Ca n d∼10𝜇m for that heat-treated at 900
∘C. The surface average roughness and the
wettability increased after the heat treatment. The spreading and proliferation level of mouse osteoblast-like cell (MC3T3-E1 cell)
ontheheat-treatedsamplewerealmostthesameasthoseonas-preparedone.ThecellspreadingonTNTZwasbetterthanthoseon
pure titanium (CP Ti) regardless of the heat treatment for the samples. There was no deterioration in the in vitro cell compatibility
of TNTZ after the oxidized layer coating by the heat treatment.
1. Introduction
Titanium (Ti) and its alloys have been developed for the
use in orthopedic and dental fields, such as joints, plates,
screws, and tooth roots. Ti materials show better corrosion
resistance than stainless steel and Co-Cr alloys, which are
used for biomedical applications, due to the stable titanium
oxidefilmsformedontheirsurfaces.Tialloysarecategorized
as 𝗼-type, 𝗼+𝗽-type, and 𝗽-type, according to the quantities
and types of their alloying elements. Various types of Ti
alloyshavebeendeveloped,particularly𝗼+𝗽-typeand𝗽-type
alloys,whichhavenontoxicandnonallergicelements,andare
expected to be useful for biomedical application [1–4]. Ti-
6Al-4V ELI alloy has been registered in ASTM standardiza-
tions and used as bone fixation plates and the stems of artifi-
cial hip joints. The ELI alloy shows significant toughness: an
extremelyhigh0.2%offsetyieldstrengthof895MPa,whichis
higher than those of stainless steel and Co-Cr-Mo alloys [3].
Ti-29Nb-13Ta-4.6Zr (TNTZ) was developed as a low
rigidity 𝗽-type alloy composed of non-toxic and non-allergic
elements [1, 2]. The mechanical properties such as tensile
properties and fatigue strength of TNTZ are equal to or
greaterthanthoseofTi-6Al-4VELIalloy .Y oung’ smodulusof
TNTZ is much lower than that of the ELI alloy, which makes
it the preferred material for use in bone fixators. The bone
conduction ability of TNTZ is better than that of stainless
steel or the Ti-6Al-4V alloy [1]. Differences in mechanical
properties between implant materials and natural bone lead
to negative effects, such as stress shielding [2]. The properties
of TNTZ have been found to be close to those of bone and
expected in medical and dental fields.
Some dental materials, for example, artificial tooth and
orthodontics devices such as arch wire or bracket, are
required to exhibit natural sensuousness to make teeth
healthy and beautiful. There is therefore concern that TNTZ2 Advances in Materials Science and Engineering
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Figure 1: Appearances of TNTZ samples. (a) As-prepared, (b) heated at 900
∘C for 0.5hr, (c) heated at 900
∘C for 1hr, (d)heated at 1000
∘Cf o r
0.5hr, and (e) heated at 1000
∘C for 1hr. Spectral reflectances of TNTZ samples before and after heat-treatment at 1000
∘C for 0.5hr (f).
has disadvantages of aesthetic sensuousness due to its metal-
lic colour. We believe that natural bone- or tooth-coloured
coating(white-colouredcoating)onTNTZsurfaceshouldbe
effective to solve this problem. The white-coloured coating
should exhibit biocompatibility as well as or better than that
of TNTZ.
Several surface modifications for Ti and Ti alloys have
been performed to enhance their biocompatibilities [3, 5].
Many pyroprocessing methods of coating hydroxyapatite
(HAp), which is the main inorganic component of bone and
shows an excellent biocompatibility, on the metal surfaces
have been reported [6] .Th e r ei s ,h o w e v e r ,c o n c e r nt h a tt h e
prepared HAp has lower adhesion ability with the metal
substrate and the coating method has limit to achieve
complex-shaped metals. In addition, the HAp coating
prepared by the pyroprocessing method, such as plasma
spraying, exhibits lower chemical durability in body than
the stoichiometric one, which attributes to an unexpected
dissolution of the coating after implantation.
Calcium phosphate invert glass-ceramic (60CaO-
30P2O5-7Na2O-3TiO2 in mol%) coating, which exhibits
biocompatibility, for TNTZ has been reported in our
previous research [7, 8]. The coating was prepared with
the following method: dipping the alloy disc into the glass-
powderslurry,dryingtheresultingdiscat100
∘C,andheating
it in air at 800
∘Cf o r0 . 5 ∼2hr. Tensile test demonstratedAdvances in Materials Science and Engineering 3
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Figure2:XRDpatternsof(A)TNTZand(B)CPTi.(A-a)As-prepared,(A-b)heatedat900
∘C for 0.5hr, (A-c) heated at 900
∘Cfor1hr,(A-d)
heated at 1000
∘C for 0.5hr, (A-e) heated at 1000
∘C for 1hr, (B-a) as-prepared, and (B-b) heated at 1000
∘Cf o r1h r .
that the bonding strength of the coating with TNTZ was
higher than that with Ti-6Al-4V or pure Ti (CP Ti) and the
strength value (∼25MPa) was relatively higher than that of
the plasma-sprayed HAp coating on CP Ti (≲7MPa)[6]. It
was also found that an intermediate layer consisting of a thin
oxidized-TNTZ layer formed between the coating and the
substrate. They fractured in the glass-ceramic coating after
thetensiletest.Thismeansthatthebondingstrengthvalueof
the oxidized layer and TNTZ substrate was higher than the
measuredone,whichmayindicatethatthelayerbondstothe
substrate more strongly than the plasma-sprayed HAp. The
oxidized layer was white because light scattering takes place
at grain boundaries in its crystals. Thus, we considered that
the oxidized layer can contribute the aesthetic sensuousness
to TNTZ sample and the layer is able to be prepared by a
simple heat treatment on the sample surface even if it has a
complex shape.
The aim of the present work was to prepare white-
colouredlayerbyoxidizationofTNTZsurfacesusingasimple
dry method, that is, heating TNTZ sample in air, and to
evaluateitscellcompatibility,particularlyinitialcelladhesion
and proliferation, by in vitro test, using CP Ti or TiO2
as a comparative sample. Initial cell adhesion to substrates
h a sb e e nr e p o r t e dt oi n fl u e n c es u b s e q u e n tc e l le v e n t s ,s u c h
as proliferation, differentiation, and mineralization (in case
of osteoblastic cells) [9]. The adhesion is influenced by
substrate’s surface properties, such as chemical component,
wettability, roughness (nano∼micro), and topography, [9–
14]. TNTZ has already been found to be excellent tissue-
compatible by the results of in vivo tests [1, 2]. The oxidized
layer was required to be tissue-compatible as well as or
better than TNTZ for the dental application, while the
aforementioned surface properties would be changed from
as-prepared one. In the present work, the initial adhesion,
spreading, and proliferation of mouse osteoblast-like cell
(MC3T3-E1 cell) on the oxidized layer on TNTZ and CP Ti
were assessed and discussed with the layer’s properties.
2. Materials and Methods
2.1.SamplePreparation. HotrolledTi-29Nb-13Ta-4.6Zrbars
w i t had i a m e t e ro f1 0m mw e r eu s e da sas u b s t r a t em a t e r i a l .
A solution treatment was done for the prepared TNTZ bar;
that is, the material was heated to 795
∘C with a rate of tem-
perature risingof50
∘C⋅min
−1and then to 800
∘Cw i t ht h er a t e
of 1
∘C⋅min
−1 and kept for 3hr at 800
∘Ci nA rg a sw i t ha n
electrical furnace. TNTZ discs with 10mm in diameter and
0.2mminthicknesswerepreparedfromthebarusingacutter
(Accutom-50, Marumoto Struers, Japan) followed by pol-
ishing with an emery cloth (number 1500). To prepare an
oxidized layer on the discs, they were set on an Al2O3 board,
heatedinairusinganelectricalfurnaceto900or1000
∘Cwith
ar a t eo ft e m p e r a t u r er i s i n go f5
∘C⋅min
−1,a n dk e p ta te a c h
temperature for 0.5 or 1hr. Ti (CP Ti) plate with the dimen-
sion of 10 × 10 × 0 . 3m mw a sp o l i s h e da n dh e a t e da t1 0 0 0
∘C
for 1hr by the same conditions as those for TNTZ.
2.2. Material Characterization. Spectral reflectance of the
sample surface was measured with a spectrophotometric4 Advances in Materials Science and Engineering
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Figure 3: SEM images of TNTZ surfaces. (a) As-prepared, (b)-(c) heated at 900
∘C for 0.5hr, (d)-(e) heated at 900
∘C for 1hr, (f)-(g) heated at
1000
∘C for 0.5hr, (h)-(i) heated at 1000
∘C for 1hr, and (c)–(i) magnified images of (b)–(h).Advances in Materials Science and Engineering 5
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Figure 4: SEM images of CP Ti surfaces. (a) As-prepared, (b)-(c)
heated at 1000
∘C for 1hr, and (c) magnified image of (b).
colorimeter (CM-700, Konica Minolta).Surfacemorphology
and cross-section of the disc were observed with scan-
ning electron microscope (SEM, JSM-6301F, JEOL, Japan)
incorporating an energy dispersive spectrometer (EDS) after
coating the samples with amorphous osmium layer using a
vapordepositionmethod(Neoc,MeiwafosisCo.Ltd.,Japan).
The cross-section of the samples was observed by mounting
inmethylmethacrylate(Technovit4004,OkenshojiCo.,Ltd.,
Japan) and then cut by a diamond saw. The cross-section of
the samples was polished, coated with amorphous osmium,
and then observed by SEM. Surface roughness was measured
with a roughness measure (Surftest 401, Mitutoyo, Japan)
followed by calculating an average roughness (Ra). X-ray
diffractometry (XRD) was performed on the PANalytical
( H o l l a n d )X ’ p e r t - M P Du s i n gas t e ps i z eo f2 𝜃:0 . 0 1 7
∘ with
Cu K𝗼 radiation, at 45kV and 40mA, with a count rate
of 15sec per step, from 2𝜃 values of 15
∘ to 60
∘.W e t t a b i l i t y
measurement was performed with a contact angle meter
(DM 300, Kyowa, Japan). 10 samples were used for the
measurement.
2.3. Ion Release and Cell Compatibility. The discs for cell
culture tests were sterilized by heat treatment at 180
∘Cf o r
1.5hr and then placed in a 24-well plate. The culture medium
used was 𝗼MEM containing 10% fetal bovine serum (FBS). 1
mL of 𝗼MEM was added to each well followed by incubation
at 37
∘C in a humidified atmosphere of 95% air, 5% CO2 for
7 days. The culture medium was changed after 1 day of incu-
bation and then changed every other day. Ion concentration
(Ti, Nb, Ta, and Zr) in the replaced medium was measured
by inductively coupled plasma atomic emission spectroscopy
(ICP-AES, ICPS-500, Shimadzu, Japan). Three samples of
each sample were tested.
MC3T3-E1 cells were seeded on the disc placed in a 24-
well plate at a density of 50,000 cells/well and then incubated
at 37
∘C in a humidified atmosphere of 95% air, 5% CO2
for 1 day. SEM was used to monitor cell attachment and
morphology. The discs after culturing were rinsed twice with
phosphate buffered saline (PBS). The cells were fixed in 2.5%
glutaraldehyde for 40min at 4
∘C. The cells were dehydrated
through a series of increasing concentrations of ethanol and
dried using hexamethyldisilazane (HMDS). Samples were
coated with amorphous osmium and observed with SEM.
TheGNUimagemanipulationprogram(GIMP2)andImageJ
softwarewereusedtocalculateanindividualcellareaoneach
s a m p l e .Th ec e l lp r o l i f e r a t i o nw a se x a m i n e da ft e rc u l t u r i n g
for 5 days. The culture condition was aforementioned. The
cell number on the sample was measured with a microplate
reader(SUNRISERemote,TECAN,Switzerland)usingaCell
Counting Kit-8 (Dojindo, Japan), following its instruction.
The number was counted by measuring the absorbance of
the resulting medium at 450nm. Results represent the mean
values of three samples. Thermanox was used as a control
sample. Differences between groups were determined by
Student 𝑡-test with values of 𝑃 < 0.05 considered statistically
significant.
3. Results and Discussion
3.1. Surface Characterization. Figures 1(a)∼1(e) show appear-
ances of TNTZ before and after the heat treatments. The
samples heat-treated at 1000
∘C exhibited white colour, while
that heat-treated at 900
∘Cs h o w e dg r a yc o l o u r .Th er e s u l t s
of colorimeter analysis followed this; Figure 1(f) is a typi-
cal spectral reflectance of the TNTZ before and after the
heattreatment at 1000
∘C for 0.5hr against wavelength within
the range of visible light (400–800nm). Reflectance value
of the oxidized surface was within 60–80% in the entire
visiblelightrange,whereasthemetalsurfacewasaround20%.
Generally, the higher the reflectance, the higher brightness
can be obtained. Thus, the oxidized layer is much brighter
than the metal surface. In addition, reflectance curve of the6 Advances in Materials Science and Engineering
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Figure 5: Cross-sectional SEM images of TNTZ. (a) Heated at 900
∘C for 0.5hr, (b) heated at 900
∘C for 1hr, (c) heated at 1000
∘C for 0.5hr,
and (d) heated at 1000
∘Cfor1hr.Blackarrow:oxidizedlayer.Whitearrow:gapformedaftertheeliminationofoxidizedlayerthroughsample
preparation.
oxidized surface was smooth convex upward and the max-
imum reflectance appeared at around 550∼600nm, where
it includes wavelength component of green-yellow-orange
colour. This indicates that oxidized surface colour is slightly
yellowish white.
XRD patterns (Figure 2) demonstrated that the oxidized
layerswereformedonTNTZandCPTisamplesaftertheheat
treatments. The oxidized layers formed on TNTZ consisted
of TiO2 (rutile), TiNb2O7,a n dT i T a 2O7. The peak intensities
corresponding to these oxidized phases increased with the
increase in the treatment temperature and time; especially
no 𝗽-Ti peak, which comes from the original TNTZ, was
observedonthepatternsofthesamplesheatedat1000
∘C.This
should be due to the change in the oxidized layer thickness.
TiO2 (rutile) was predominantly formed on CP Ti after the
heat treatment at 1000
∘C for 1hr. It is difficult to identify
TiTa2O7 phase formation on TNTZ by XRD, since both
TiNb2O7 and TiTa2O7 have similar crystal structure and Ta
amount in the alloy is small. However, Ta was not detected
by EDS in the oxidized layer. Thus, we are in doubt about
TiTa2O7 formation. If any, Ta could exist as Ti(Nb, Ta)2O7
phase since Nb and Ta form complete solid solution [15].
Figure 3 shows SEM images of TNTZ surfaces before
and after the heat treatments. Linear grooves with ∼1𝜇m
in size formed by polishing were observed on all samples.
Particles with several hundreds nm in size were formed on
the whole surface (in the grooves as well) of all samples after
the heat treatment. Their sizes increased with the increase in
thetreatmenttemperatureandtime.AsshowninFigure 4,in
the case of CP Ti sample, rod-shaped particles with ∼1𝜇mi n
sizewereformedonthewholesurfaceaftertheheattreatment
at 1000
∘C for 1hr. The difference in the particle size between
TNTZ and CP Ti was contributed by chemical components;
TiNb2O7 andTiTa2O7 precipitationsuppressedthegrowthof
main phase (rutile) during the heat treatment in the case of
TNTZ.
The cross-sectional SEM images (Figure 5) demonstrated
that the oxidized layers remained on the TNTZ substrate
heat-treated at 1000
∘C, while they were eliminated from the
surfaces heat-treated at 900
∘Ct h r o u g ht h es a m p l ep r e p a -
r a t i o nf o rt h eS E Mo b s e r v a t i o n .Th er e a s o nw h yt h el a y e r s
on the samples heat-treated at 900
∘Cw e r ee l i m i n a t e dw a s
unclear; however, thermal stress at the interface due to dif-
ference in their coefficients of thermal expansion is probably
concerned with it. On the other hand, the elimination was
suggestedtobecausedbytheprocessingofSEMobservation,
such as cutting, polishing, and keeping in vacuum. In any
case, the oxidized layer formed by the heat-treatment at
1000
∘C was found to possess better adhesion than that
formed at 900
∘C. Elimination behavior of the oxidized layer
during oxidation, its bonding strength, and hardness will be
discussed in another paper. The oxidized layer thicknesses
werefoundtobe∼10𝜇mforthesamplesheat-treatedat900
∘C
and ∼30𝜇m for one heat-treated at 1000
∘C, respectively.Advances in Materials Science and Engineering 7
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Figure6:SEMimagesofcellsculturedonTNTZorCPTisurfaces.(a)As-preparedTNTZ,(b)as-preparedCPTi,(c)TNTZheatedat1000
∘C
for 1hr, (d) CP Ti heated at 1000
∘C for 1hr, and (e) control sample (Thermanox).
This difference in the layer thickness may contribute to the
changeintheappearancecolour(Figure 1).Thus,TNTZheat-
treated at 1000
∘C for 1hr was used for the subsequent surface
characterization and cell culture tests.
Table 1 shows the surface properties, average roughness,
and wettability of TNTZ and CP Ti samples before and
after the heat treatment at 1000
∘Cf o r1 h r .Th er o u g h n e s s
increased and the contact angle decreased after the heat
treatment in both cases of TNTZ and CP Ti. It was reported
that contact angle of rutile powder was about 4∼5
∘ [16]. The
increased wettability may be due to the increased roughness
and TiO2 contained in the oxidized layer. Surface wettability
largely depends on surface energy [17]. According to the
literatures [18], hydrophilic Ti has higher surface energy
than the hydrophobic one and resulted in more rapid cell
activation and differentiation.
3.2. Cell Attachment and Morphology. Some metallic ions
released from implant materials have been reported to
Table 1: Average roughness (Ra) and wettability of TNTZ and CP
Ti before and after heat treatment.
Sample Ra (𝜇m) Contact angle (
∘)
TNTZ 0.62 53.7
CP Ti 0.58 50.3
Heat-treated TNTZ (1000
∘C 1hr) 1.97 3.7
Heat-treated CP Ti (1000
∘C 1hr) 1.74 5.9
influence cell functions [19–22]. The results of ICP-AES
d e m o n s t r a t e dt h a tn oi o n sw e r er e l e a s e df r o mt h eh e a t -
t r e a t e dT N T Zi nt h ec e l lc u l t u r em e d i u m .Th eS E Mi m a g e s
of the cells (Figure 6) demonstrated that they spread on all
sample surfaces in 1-day culture and possessed spindle and
b r a n c h e ds h a p e s .M o r es p i n d l e - s h a p e dc e l l sw e r eo b s e r v e d
onas-preparedCPTisurfacethantheothersamples.Figure 7
shows the individual cell area calculated using the SEM
images. The area of TNTZ was larger than that of CP Ti8 Advances in Materials Science and Engineering
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Figure 7: Individual cell area after culturing on TNTZ or CP Ti
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Figure 8: Live cell numbers on TNTZ samples after 5-day culture.
Control: Thermanox. Heat treatment condition: 1000
∘C, 1hr.
regardless of the heat treatment for the samples, which
indicates that the cells will spread on TNTZ. The area of the
heat-treated samples was larger than that of the as-prepared
oneinbothcasesofTNTZandCPTisamples,whiletherewas
no significant difference in the values in the case of TNTZ.
The cells on TNTZ surface maintained higher performance
than that on CP Ti even after the oxidized layer coating.
Figure 8 shows the live cell numbers on TNTZ samples
after 5-day culture. The number of the heat-treated sample
was slightly larger, while there was no significant difference
in the numbers between the as-prepared and heat-treated
samples. Hence, there was no deterioration in the in vitro cell
compatibility of TNTZ after the oxidized layer coating by the
heattreatment.Infuturework,humanosteogeniccellswillbe
used for the cell compatibility test instead of MC3T3-E1 cells
to simulate in vivo conditions better.
The slight increase in the cell spreading area (Figure 7)
and the live cell number (Figure 8) on the heat-treated
samples may be due to their larger roughness and higher
wettability. The cell morphology and cytoskeletal formation
have been reported to relate to subsequent events, such as
proliferation and differentiation [9–14]. This could be regu-
latedbytheactivityandinteractionofproteinassociatedwith
cytoskeletonandfocaladhesion.Forexample,theadsorption
of fibronectin, which is one of extracellular matrix proteins,
w a sr e p o r t e dt ob ef a v o u r e do nh y d r o p h o b i cs u r f a c e sa n d
influenced by the substrate surface roughness [11]. Changes
in cell morphology were reported to be significant in the
regulation of the Hippo pathway which plays an important
role in regulation of cell proliferation [23]. Stress fibers
inhibit the Hippo pathway upstream of or at Lats which is
one of the protein kinases in cell membrane, resulting in
t h eu p r e g u l a t i o no fc e l lp r o l i f e r a t i o n .Th efl a ta n ds p r e a d
morphology of cells promotes the formation of stress fibers
(F-actin). The cell activity on the oxidized layer formed on
TNTZ will be investigated in detail in future work.
4. Conclusion
The white-coloured coating consisting of the oxidized layer
was prepared on TNTZ discs by heat treatment in air to
achieve the formation of aesthetic surface on them for dental
application. TNTZ has excellent mechanical properties and
biocompatibility. The oxidized layer formed by the heat
treatmentat 1000
∘C was white-coloured and joined to TNTZ
substrate more strongly than that formed by the treatment
at 900
∘C. The particles with the size of several hundreds nm
containingTiO2 (rutile),TiNb2O7,andTiT a 2O7 wereformed
d u ri n gth et r e a t m e n t .Th el a y e rth i c k n e s sw a s∼30𝜇mf o rt h e
sample heat-treated at 1000
∘C.Thesurfaceaverageroughness
and the wettability increased after the heat treatment. The
spreading and proliferation level of MC3T3-E1 cells on the
heat-treated sample were almost the same as those on as-
preparedone.Hence,therewasnodeteriorationintheinvitro
cellcompatibilityofTNTZafter theoxidized layer coatingby
the simple heat treatment.
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